Aims/hypothesis A normal consequence of increased energy intake and insulin resistance is compensatory hyperinsulinaemia through increased insulin secretion and/or reduced insulin clearance. Failure of compensatory mechanisms plays a central role in the pathogenesis of type 2 diabetes mellitus; consequently, it is critical to identify in vivo signal(s) involved in hyperinsulinaemic compensation. We have previously reported that high-fat feeding leads to an increase in nocturnal NEFA concentration. We therefore designed this study to test the hypothesis that elevated nocturnal NEFA are an early signal for hyperinsulinaemic compensation for insulin resistance. Methods Blood sampling was conducted in male dogs to determine 24 h profiles of NEFA at baseline and during high-fat feeding with and without acute nocturnal NEFA suppression using a partial A 1 adenosine receptor agonist. Results High-fat feeding increased nocturnal NEFA and reduced insulin sensitivity, effects countered by an increase in acute insulin response to glucose (AIR g ). Pharmacological NEFA inhibition after 8 weeks of high-fat feeding lowered NEFA to baseline levels and reduced AIR g with no effect on insulin sensitivity. A significant relationship emerged between nocturnal NEFA levels and AIR g . This relationship indicates that the hyperinsulinaemic compensation induced in response to high-fat feeding was prevented when the nocturnal NEFA pattern was returned to baseline. Conclusions/interpretation Elevated nocturnal NEFA are an important signal for hyperinsulinaemic compensation during diet-induced insulin resistance.
Introduction
In the last decade, the prevalence of type 2 diabetes mellitus has increased by 60% in the USA [1] . A normal consequence of increased energy intake and insulin resistance is compensatory hyperinsulinaemia through increased insulin secretion and/or reduced insulin clearance. Failure of compensatory mechanisms plays a central role in the pathogenesis of diabetes [2] , thus there is a critical need to identify signal(s) involved in hyperinsulinaemic compensation so that successful interventions and treatments can be developed. Although insulin resistance occurs naturally during different stages of a normal life cycle, these transient changes do not result in glucose intolerance in normal individuals. In a healthy individual the appropriate response to insulin resistance is hyperinsulinaemic compensation, resulting in elevated insulin Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3721-6) contains peer-reviewed but unedited supplementary material, which is available to authorised users. levels in the circulation [3] [4] [5] due to increased pancreatic beta cell function and/or reduced metabolic clearance of insulin by the liver and other tissues [6] .
Understanding the precise mechanisms responsible for compensation is critically important because while glucose intolerance can result from pancreatic islet failure, it could alternatively result from the failure of a signal to initiate the compensatory mechanisms. We have previously concluded that during insulin resistance, glucose-the primary stimulant for beta cell insulin release-is likely not the signal responsible for hyperinsulinaemia [7] . In striking contrast, nocturnal NEFA are markedly elevated after high-fat feeding [7] . A normal nocturnal rise in NEFA has been demonstrated in human volunteers [8] , and this nocturnal increase is elevated during sleep-restriction-induced insulin resistance [9] . What is unknown is whether the nocturnal increase in NEFA that occurs in an insulin-resistant state is an initial signal for hyperinsulinaemic compensation in the face of insulin resistance.
The concept of NEFA stimulating insulin secretion is not novel. In recent studies, drug-induced lipolysis has been shown to stimulate insulin secretion [10] , and, indeed, intralipid infusion increases insulin secretion in rats [11] . However, studies of infusion and/or experimental upregulation of NEFA release typically reach supraphysiological levels and do not answer questions about the physiological role of circulating NEFA to stimulate insulin secretion during the early stages of metabolic dysfunction.
We therefore tested the hypothesis that elevated nocturnal NEFA are a signal for hyperinsulinaemic compensation during the early development of diet-induced insulin resistance.
Methods
Animals Male mongrel dogs (Antech, Barnhart, MO, USA; n=16, >1 year old, 30.0±3.5 kg [mean±SD]) were housed in the Cedars-Sinai Medical Center vivarium under controlled kennel conditions (12:12 h light/dark cycle). Animals were accepted into the study following physical examination and a comprehensive blood panel. Dogs were used for experiments only if judged to be in good health as determined by visual inspection, body temperature and haematocrit. The experimental protocol was approved by the Cedars-Sinai Medical Center Institutional Animal Care and Use Committee (IACUC).
Diet Dogs were fed a control weight-maintenance diet comprising one can of Purina Proplan Puppy Chow (10% protein, 7% fat, 1.5% fibre, 76 moisture; Nestle Purina PetCare Company, St Louis, MO, USA) and 825 g of dry chow (27.7% protein, 29.9% fat, 42.4% carbohydrate, 2.9% fibre; Lab Diet, Purina Mills, St Louis, MO, USA) for at least 4 weeks before the initiation of the study. The control diet consisted of 14,970 kJ/day: 39.2% carbohydrate, 32.5% fat and 28.3% protein. During high-fat feeding, the control diet was supplemented with 6 g/kg of rendered pork fat (lard) to achieve a 52% fat diet consisting of 21,025 kJ/day. Meals were presented for 1 h from 9:00 hours to 10:00 hours, with food weighed before and after presentation.
MRI During weeks 0, 2 and 6, MRI scans were performed to assess total, subcutaneous and intra-abdominal fat mass as previously described [7] . Image analysis was performed using Slice-O-Matic software (4.3 rev 10; Virtual Magic, Montreal, QC, Canada) by a single experienced observer.
Plasma profiling In eight dogs, 24 h blood sampling was conducted at weeks 0, 2, 6 and again at week 8 with acute nocturnal NEFA suppression. Catheters attached to vascular access ports (Instech Solomon; Plymouth Meeting, PA, USA) were implanted and maintained as previously described [7] . At 6:00 hours on the day of each experiment, animals were brought to the laboratory for hourly blood sampling from 7:00 hours until 8:00 hours on the following morning, at which time an IVGTT was performed.
Suppression of nocturnal NEFA Overnight suppression of NEFA after high-fat feeding was achieved by intravenous injections of a selective partial agonist of the A 1 adenosine receptor (GS-9667, provided by Gilead Sciences) beginning at 18:00 hours and continuing every 2 h until 8:00 hours. A dose of 10 mg/kg every 2 h was determined to provide maximal inhibition of NEFA. This dose is comparable with that used in clinical studies of NEFA lowering [12] .
Frequently sampled IVGTT An IVGTT was performed at weeks 0, 2, 6 and 8. In the subset of eight dogs undergoing 24 h sampling, IVGTTs were performed immediately following each 24 h sampling period to test the acute effects of nocturnal NEFA and NEFA lowering on insulin sensitivity and the acute insulin response to glucose. Animals were mildly restrained in a Pavlov sling for this procedure [7] . An intracatheter was inserted into the saphenous or cephalic vein. Blood samples were drawn every 5 min for 15 min (three baseline samples), at which time glucose was given as an intravenous bolus (0.3 g/kg body weight). Blood samples were collected at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 30, 40, 50, 60, 70, 90 , 100, 120, 140, 160 and 180 min. At the 20 min time point, intravenous insulin (0.02 U/kg body weight) was administered.
Sample collection and storage All samples were collected on ice and centrifuged. Plasma was separated and immediately transferred to storage tubes and placed on ice for the remainder of the experiment. On completion of the experiment, samples were transferred to −80°C freezers for storage until further analysis. Samples for assay of glucose, insulin, cortisol and catecholamines were collected in tubes pre-coated with lithium fluoride and heparin (Brinkmann Instruments, Westbury, NY, USA). Samples for NEFA were collected in non-heparin tubes containing 50 μl EDTA and coated with paraoxon to inhibit lipase activity. Tubes for insulin, glucose and catecholamines also contained 50 μl EDTA. Tubes for catecholamines contained an additional 25 μl of ethylene glycol tetraacetic acid (EGTA).
Assays Glucose was measured by a YSI 2300 or 2700 autoanalyser (Yellow Springs Instruments, Yellow Springs, OH, USA). NEFA was measured using a colorimetric method (Wako Pure Chemical Industries, Richmond, VA, USA). Insulin was measured with an ELISA originally developed for human serum or plasma (Linco Research, St Charles, MO, USA) and adapted for dog plasma. The method is based on two murine monoclonal antibodies that bind to different epitopes of insulin but do not bind proinsulin [13] . Cortisol and catecholamines were measured using commercially available kits (cortisol RIA kit from Diagnostic Products, Los Angeles, CA, USA; catecholamines ELISA from Rocky Mountain Diagnostics, Colorado Springs, CO, USA).
Calculations For 24 h hormone levels, the meal was served after the 9:00 hour blood sample, thus the 8 h period following meal presentation (10:00-18:00 hours) was considered the postprandial daytime phase. The nocturnal phase was calculated as the AUC from 18:00 hours until the completion of the study the following morning, as previously described [7] .
For minimal-model variables, insulin sensitivity (S I ), acute insulin response to glucose (AIR g ) and disposition index (DI) were calculated using the minimal model of glucose kinetics from the IVGTT (MINMOD 6.02, MinMod, Los Angeles, CA, USA). Glucose tolerance was calculated as the slope of the linear regression of the natural log of plasma glucose concentration from 5 to 19 min.
Statistical analyses
Results are presented as means±SEM. A linear mixed model was conducted to test the effects of highfat feeding on IVGTT variables and hormonal profiles using a compound symmetry covariance matrix. Time (week 0, 2, 6 and 8) was specified as a fixed and repeated factor. A mixedmodel regression analysis was performed to examine the relationship between NEFA and insulin secretion. Individual values that were greater or less than twice the SD were considered statistical outliers and were excluded from the analyses. Statistical analyses were conducted using SPSS (IBM SPSS Statistics for Windows, version 21.0, Armonk, NY, USA). All differences were considered statistically significant when p<0.05.
Results
Increased body weight and body fat on a high-fat diet High-fat feeding resulted in a significant increase in body weight during the course of the study (week 0 29.9±1.0 kg, week 2 31.1±1.0 kg, week 6 31.5±1.1 kg, week 8 31.6± 1.2 kg; p<0.001 for condition; post hoc testing revealed a significant increase in weight at weeks 2, 6 and 8; p<0.01 vs week 0). This weight gain was in part due to significant increases in both visceral and subcutaneous fat, as measured by MRI (visceral fat: week 0 103±11 cm 3 , week 2 141±20 cm 3 , week 6 149±15 cm 3 . Subcutaneous fat: week 0 90±10, week 2 104±16, week 6 115±13 cm 3 . For both fat depots, there was a significant effect of condition (p<0.001); post hoc testing revealed a significant difference between week 0, 2 and 6 for both fat depots; p<0.01).
Nocturnal NEFA are elevated after high-fat feeding The 24 h profile of NEFA is shown in Fig. 1a . In all conditions, the meal at 09:00 hours resulted in an immediate inhibition of NEFA, followed by a NEFA increase throughout the day and into the night. High-fat feeding was associated with a significant increase in the nocturnal AUC of NEFA from 18:00 hours (lights off), until 8:00 hours when the 24 h sampling period concluded (p<0.05; Fig. 1d ).
Suppression of NEFA in vivo after high-fat feeding Following 8 weeks of high-fat feeding, we used the partial A 1 adenosine receptor agonist GS-9667 (provided by Gilead Sciences) [12] to counter the nocturnal increase in NEFA and to simulate the NEFA pattern observed under baseline feeding conditions. This attempt was successful in that the administration of GS-9667 led to a 24 h pattern that was virtually identical to that observed at week 0 (p=1.0), despite the continuation of highfat feeding (Fig. 1a) .
Nocturnal glycerol was slightly increased after high-fat feeding (Fig. 1b) , and the nocturnal AUC of glycerol displayed a similar overall pattern to that of NEFA (Fig. 1e) . During suppression of NEFA, the nocturnal AUC of glycerol was significantly reduced. No changes were observed in the triacylglycerol profile after high-fat feeding or with nocturnal NEFA suppression (Fig. 1c) .
Glucose and insulin 24 h profiles after high-fat feeding and NEFA suppression As NEFA are a known potent stimulator of insulin secretion [14] , we examined the 24 h profiles of glucose and insulin at baseline and during high-fat feeding with and without nocturnal NEFA suppression. Average 24 h levels of fasting and nocturnal glucose were unchanged (Fig. 2a) and nocturnal AUC of insulin displayed a non-significant increase at 6 weeks of high-fat feeding (p=0.12; Fig. 2b ). There were no differences in the glucose or insulin responses to the meal across conditions nor were any changes associated with NEFA suppression, suggesting that the GS-9667 drug itself did not have any direct effects on fasting insulin levels.
Glucose homeostasis after high-fat feeding and NEFA suppression S I was significantly reduced during high-fat feeding, which became significant after only 2 weeks on a high-fat diet (p<0.01; Fig. 3a) . This decrease was maintained through week 6 of the study (week 0 4.5±0.5; week 2 3. ; p=1.0; Fig. 3a ). In response to insulin resistance, AIR g exhibited a nonsignificant increase at week 2, which was maintained until week 6 of high-fat feeding (week 0 498±38; week 2 539± 57; week 6 562±52 mU/l×min; Fig. 3b ). Following the suppression of nocturnal NEFA at week 8, AIR g returned to baseline levels (week 0 498 ± 38 vs week 8 393 ± 31 mU/l×min).
The product of S I and AIR g , called the DI, refers to beta cell function over time [15] . A reduction in DI indicates an inability of the beta cell to respond to existing insulin resistance and represents an increased risk for the future development of diabetes. There was a significant effect of condition on DI (p<0.05). However, post hoc analyses revealed that the NEFA suppression was the only condition during which there was a reduction in DI from week 0 (p<0.05) (Fig. 3d) . As the DI was maintained during high-fat feeding, we can suppose that although the AIR g was not significantly increased during highfat feeding, it was sufficiently increased to maintain the DI and compensate for the reduced insulin sensitivity.
Because AIR g was reduced by NEFA suppression with no further reduction in S I , we examined the impact of nocturnal NEFA suppression on glucose tolerance. Glucose tolerance is defined as the rate of disappearance of glucose after a glucose bolus, therefore a reduction in AIR g without changes in insulin sensitivity would likely result in reduced glucose tolerance. Indeed, there was an effect of condition and a significant reduction in glucose tolerance was present after NEFA suppression compared with 6 weeks of high-fat feeding (week 6 2. ; p<0.001; Fig. 3c ). However, glucose tolerance during high-fat feeding was not significantly different from week 0 (week 0 2.8±0.2 vs week 2 2.6±0.2, mmol l −1 min −1 ; p=0.13; week 0 vs week 6; p= 0.51), suggesting preserved glucose homeostasis during high-fat feeding-induced insulin resistance when nocturnal NEFA were permitted to rise. To confirm that GS-9667 did not have any direct effects on glucose homeostasis we conducted additional experiments in a subset of animals at baseline (control diet only). We conducted IVGTTs before and after repeated drug administration and found no effects of drug treatment on S I or AIR g when high-fat feeding was not present (electronic supplementary material [ESM] Fig. 1 ). We also saw no changes in catecholamines or cortisol that could account for changes in glucose homeostasis observed during high-fat feeding (ESM Fig. 2 
).
A linear relationship exists between nocturnal NEFA and acute insulin compensation We examined the relationship between nocturnal NEFA and insulin secretion in response to a glucose challenge using a mixed-model regression analysis. A significant relationship between nocturnal NEFA and AIR g emerged, indicating that, on average, for every unit increase in AUC of nocturnal NEFA, AIR g is predicted to increase by 37.9 mU/l×min (p<0.01; Fig. 4 ).
Discussion
Insulin resistance is typically accompanied by a compensatory increase in plasma insulin concentration, ensuring that metabolic tissues can utilise glucose. However, some individuals can no longer compensate by increasing insulin and develop type 2 diabetes. Although this failure to compensate is a critical turning point in the progression of diabetes, the loss of the initial signal to increase insulin has already occurred by this time. Here, we show that inhibition of the normal increase in nocturnal NEFA during the early induction of insulin resistance suppresses compensatory hyperinsulinaemia, thus the nocturnal elevation in NEFA may in fact be a signal to stimulate compensatory insulin release. As the failure of such compensatory mechanisms plays a central role in pathogenesis of type 2 diabetes, it is critical to target these as yet unknown signal(s) in the treatment and prevention of diabetes. Previous work from our laboratory has examined a number o f c o m p o u n d s i n t h e s e a r c h f o r t h e s i g n a l f o r hyperinsulinaemia and have observed a unique increase in nocturnal NEFA [7] . We therefore proposed to understand the role of nocturnal NEFA in the regulation of compensatory hyperinsulinaemia by inhibiting the nocturnal NEFA increase during high-fat feeding.
On a high-fat diet, animals gained a significant amount of weight, developed insulin resistance and successfully compensated with an increased insulin response. That the insulin response was appropriate was evidenced by an unchanged DI after 6 weeks of high-fat feeding. This upregulation of insulin in response to a glucose challenge represents a physiological coping mechanism for the insulin resistance induced by highfat feeding and is consistent with previous studies showing the time course of compensation to insulin resistance [6] .
Unlike our previous study [7] , we did not see an effect of high-fat feeding on daytime or meal-related insulin secretion, possibly owing, in part, to differences between fat deposition between these animals. Given the existing correlation between body fat and fasting insulin [16] , this may explain our lack of impaired fasting insulin compared with previous studies in which increases in body fat were higher than those observed here [7] .
After 8 weeks of high-fat feeding, the increase in nocturnal NEFA was successfully lowered to baseline levels using a partial A 1 adenosine receptor agonist. In support of our hypothesis, the compensatory increase in AIR g was lost and insulin response returned to baseline levels in the face of nocturnal NEFA suppression after high-fat feeding. Previous studies from our group have examined this high-fat fed canine model at 8, 10 and 12 weeks; insulin compensation was present at all time points and no animal decompensated [6] . Therefore, the reduction in AIR g following NEFA suppression is unlikely to occur because of beta cell failure, but instead occurs as a direct result of the suppression of nocturnal NEFA.
In a subset of animals during control feeding, we have also determined that no direct effects of administration of the pharmacologic compound exist on glucose or insulin. In addition, while nicotinic acid and its longer-acting analogue acipimox have been shown to alter cardiac function [17, 18] , studies using GS-9667 have shown that it can inhibit lipolysis without any unwanted cardiac side effects [12, 19, 20] . Thus, our findings are not likely to be explained by any haemodynamic changes due to drug administration.
If suppression of nocturnal NEFA leads to a reduction in insulin secretion, glucose tolerance would be expected to be impaired. Indeed, there was a trend for reduced glucose tolerance after 2 weeks of high-fat feeding-at the time when NEFA are beginning to rise, but are not yet significantly elevated. By 6 weeks, NEFA were elevated and glucose tolerance returned to baseline levels, suggesting adequate insulin compensation. However, when nocturnal NEFA were suppressed at week 8, glucose tolerance was impaired, supporting our hypothesis that without an increase in nocturnal NEFA there will be uncompensated insulin resistance, in conjunction with impaired glucose tolerance.
Previous studies have shown an improvement in glucose metabolism and insulin sensitivity with NEFA suppression using acipimox [18, [21] [22] [23] [24] [25] . The mechanisms by which acipimox can improve S I have been suggested to be reduced skeletal muscle inflammation [26] and improved mitochondrial function [24] . However, we did not observe any improvement in S I after NEFA suppression, nor did we see a relationship between nocturnal NEFA and S I , possibly because of differences in drug choices.
The selective partial agonist of the A 1 adenosine receptor, GS-9667, was chosen because it is not associated with desensitisation, or tachyphylaxis, after repeated treatments [19] . Neither is it followed by a rebound increase in NEFA as seen with the long-term use of nicotinic acid or acipimox [27] [28] [29] [30] [31] , which has been suggested to lead to insulin resistance [32, 33] . Notably, the rebound increase in NEFA during nicotinic acid infusion is likely due to an increase in basal lipolysis [31] . Most importantly, however, is evidence that acipimox may have direct effects on muscle mitochondria in humans [34] , suggesting that its effects on S I may not be solely mediated by a reduction in NEFA; therefore we cannot compare the effects with those of the drug used in the current study.
While GS-9667 has been shown to improve insulin sensitivity [35] and glucose uptake [36] , these studies have thus far been conducted only in rodents; no clinical or large animal studies have yet reported an improvement in S I following NEFA suppression using GS-9667. The first two clinical studies have focused on pharmacokinetics and shown reproducible reductions in NEFA without desensitisation, rebound or cardiac impairments [12] , but these did not report any S I measurements. A large potential difference between our model and studies of rodents is the marked difference in the degree of weight gain during high-fat feeding. Depending on starting weight, rodents in the GS-9667 studies gained up to 45% of baseline body mass before NEFA suppression was conducted [35] . The weight gain we typically see in our canine model, as well as in human weight gain, is drastically different at 5-7% and this may explain discrepant results for change in S I following NEFA reduction using GS-9667.
Finally, a significant positive correlation was observed between nocturnal NEFA and morning insulin response to glucose, supporting the concept that nocturnal plasma NEFA are particularly important for beta cell compensation during highfat feeding. This relationship exists only with the nocturnal NEFA AUC and not fasting NEFA.
It is import to note that as these animals are only mildly overweight, they do not yet display fasting hyperinsulinaemia. Therefore, the elevated nocturnal NEFA are likely an early signal for beta cell compensation. In later stages of obesity it is probable that many factors are important in sustaining beta cell function. During obesity, excessive NEFA may be a major cause of beta cell dysfunction [37] [38] [39] [40] [41] .
NEFA can act as ligands for multiple G-protein-coupled receptors on other tissues, as reviewed by Talukdar and colleagues [42] . Specifically, GPR120 is the physiological receptor for omega-3 NEFAs in macrophages and adipocytes and may mediate inflammation, raising the possibility that targeting lipid-sensing receptors may have many therapeutic benefits in a number of different tissues and disease states [42] . This is particularly relevant to the ongoing research on pancreas-specific NEFA receptors. FFAR1s (free fatty acid receptor 1, also known as G-protein-coupled receptor 40 or GPR40) are predominantly expressed in beta cells and stimulate insulin secretion when activated by long-chain fatty acids [43] . Studies in rodents have shown that overexpression of GPR40 improves glucose tolerance in mice [44] and that deletion of the receptor impairs glucose-stimulated insulin secretion in vivo [45] . Recent clinical evidence supports the role of FFAR1 agonists as pharmaceutical targets to stimulate or enhance insulin secretion [46] . In a 12 week phase II clinical trial, the GPR40 agonist TAK-875 was shown to stimulate insulin secretion and improve glucose homeostasis in type 2 diabetic patients [47] .
Given the clinical effects of GPR40 agonists on insulin secretion in diabetic patients, we believe that the present data indicate that nocturnal NEFA may be important in the context of early-onset insulin resistance and a critical physiological signal for beta cell compensation. If elevated nocturnal NEFA are a signal for hyperinsulinaemic compensation, the cause of eventual beta cell failure may lie in the signal itself, or lack thereof. Therefore, pancreas-specific NEFA analogues given nocturnally may represent a treatment option for early diabetic patients and/or patients with impaired glucose tolerance who still possess the ability to increase insulin secretion, yet for unknown reasons are unable to compensate for insulin resistance.
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